Glucose 6-phosphate, fructose 6-phosphate, fructose 1, 6-diphosphate, and triose phosphates, and the enzymes phosphofructokinase, aldolase, and glucose 6-phosphate dehydrogenase were extracted from banana fruit (Musa cavendishii, Lambert var. Valery) at the (a) preclimacteric, (b) climacteric rise, (c) climacteric peak, and (d) postclimacteric stages of ripening. The level of fructose 1 ,6-diphosphate increased 20-fold whereas the concentration of other intermediates changed no more than 2.5-fold between stages a and c. For these same extracts, phosphofructokinase activity increased 2.5-fold whereas the activity of glucose 6-phosphate dehydrogenase and aldolase changed only fractionally. (24) . Young (unpublished data) measured an increase in 3P incorporation into fructose-1,6-diP during the climacteric in avocado, and an increase in fructose-1 ,6-diP was also reported in tomato (6). These observations could be explained by the activation of PFK.
The marked increase in postharvest respiration of fruit, known as the climacteric, is recognized as an essential feature of the ripening process in many fruits. Control of the initiation of the respiratory climacteric seems to be of primary importance in efforts to increase the storage life of fruits. Several mechanisms have been proposed to explain the climacteric and a critical review of these theories has recently been provided by Rhodes (27) . None of the proposed mechanisms has been verified experimentally.
This investigation was based on the hypothesis that the climacteric is regulated by enzyme activation. Circumstantial evidence pointed to PFK' as a likely candidate. Barker and Solomos (3) reported an increase in the level of fructose-1,6-diP paralleling the climacteric. A similar observation was made in aging tobacco (24) . Young (unpublished data) measured an increase in 3P incorporation into fructose-1,6-diP during the climacteric in avocado, and an increase in fructose-1 ,6-diP was also reported in tomato (6) . These observations could be explained by the activation of PFK.
It was the purpose of this investigation to determine whether the control properties of PFK change in a way that is consistent with the observed increase in respiration.
MATERIALS AND METHODS
Plant Material. Banana fruit, Musa cavendishii Lambert var.
Valery were obtained from Central America via ship transport 11 to 14 days after picking. They were always dark green in color and preclimacteric. The respiration of individual fruits was monitored with an infrared gas analyzer in a continuous flow system. Humidified air was passed over the fruit at 100 ml/min at 22 C. Ripening was initiated by introducing ethylene into the air stream to give a final concentration of 1 ml/ 1. Fruits were taken for analysis in the preclimacteric stage, at early climacteric rise, at climacteric peak, and at two days postclimacteric stage. The pulp was grated into liquid nitrogen and lyophylized. The dry pulp was ground to a fine powder in a mortar and stored at -12 C.
Extraction. The powders were suspended in buffered medium modified from that used by Black and Wedding (5) . It consisted of 50 mm Tricine buffer, pH 8.5, 5 mm diethyldithiocarbamate, 5 mm dithiothreitol, 50 mM magnesium acetate, and 0.2% Triton X-100. This medium was used both for determining the glycolytic intermediate levels and for obtaining the crude enzyme preparation.
Assay of Intermediates. The levels of glycolytic intermediates were determined by the spectrophotometric method of Fawaz and Fawaz (14) . Duplicate 1 g samples from each of the four stages were weighed and homogenized in a mortar with pestle in 10 ml of the extraction medium at 2 C. The medium was added in 2.5 ml increments, and the homogenate was evenly dispersed after each increment.
The crude homogenate was directly centrifuged at 105,000g (35,000 rpm) at 0 C for 20 min, and the supernatant fluids were stored in an ice bath. The precipitates were resuspended in 2.5 ml of the extraction medium and recentrifuged at 105,OOOg for 15 min. The supernatant fluids were then combined and two 4-ml aliquots were mixed with 0.4 ml of 6.6 N medium added in 10 ml increments. The homogenate was centrifuged at 105,000g at 0 C for 20 min, and an aliquot of the supernatant fluid was assayed for activity and protein content.
Proteins of the supernatant fluid were precipitated by the slow addition of solid ammonium sulfate to 20% and then to 50% of saturation. The pH was adjusted to 7.2 after each addition. The 0 to 20% precipitate was resuspended in 4 ml and the 20 to 50% in 8 ml of medium composed of 10 mM Tricine, pH 7.0, 0.1 mm diethyldithiocarbamate, 5 mM dithiothreitol, and 0.5 mm ATP. The precipitates were resuspended in a size B Teflon Potter homogenizer and centrifuged at 30,000g for 20 min. The supernatant fluid of the resuspended 20 to 50% fraction could be stored at 0 C for 7 days with little loss in PFK activity.
For some experiments, an additional purification step was carried out by heating the enzyme preparation at 59 C for 3 min, then rapidly cooling and centrifuging it at 30,000g for 20 min. The enzyme was retained in the supernatant fluid.
Phosphofructokinase was assayed by following the oxidation of NADH at 340 nm in an assay coupled to aldolase, triose-P isomerase, and glycerol-i-P dehydrogenase (10) . Tricine buffer, at pH 7, was used. Protein was assayed by the method of Lowry et al. (23) .
Proteins of the partially purified PFK preparation were separated on 7% polyacrylamide gels made by mixing stock solutions A and C as described by Davis (9) . The gel was formed betweeen two glass plates held 2 mm apart as described by Bieleski and Reid (4) . After electrophoresis, the gel was used for assay of PFK activity either directly in the gel or by incubating 5 mm sections of the gel in 2 ml of a medium consisting of 45 ml of 75 mM Tricine at pH 7.2, 1.5 ml of 0.12 M MgCl2, 1.5 ml of 30 mm ATP, and 45 mg of fructose-6-P. The fructose-1 ,6-diP formed was assayed as described above.
o0o Glucose-6-P o-o Fructose-6-P '7 A Figure 1 . The curve of respiration is a composite of the respiration of individual fruit used in the experiment. The initial level of glucose-6-P as well as fructose-6-P was high (440 nmoles/g dry weight in both cases) but changed less than 1-fold between the preclimacteric and climacteric peak stages. Triose-phosphates were initially 60 nmoles/g dry weight, and increased 3.7-fold. Fructose-1,6-diP on the other hand, was initially present at only 7 nmoles/g dry weight but increased 21-fold at the climacteric peak. For measurement of intermediates, standard errors of duplicate samples were within 5%. The magnitude of the change agrees with the finding of Barker and Solomos (3) on "lacatan" bananas.
Crossover plots have been used for the identification of control sites in a pathway (7, 13, 15) . A crossover plot based on the changes in the levels of some glycolytic intermediates between preclimacteric and climacteric rise stages is shown in Figure 2 . The crossover point from -0.2 to +1.6 between fructose-6-P and fructose-,6-diP points to the existence of a control site at this step and is consistent with the hypothesis of a loss of, or a change in, the control properties of PFK at the onset of the climacteric.
Enzyme Studies. The difficulties in differentiating between a change in enzyme activity and enzyme extractability in banana pulp were demonstrated by Young (28) . An effort was made, therefore, to ascertain whether the observed increase in PFK activity merely indicated the differential extractability of this enzyme from preclimacteric and climacteric peak banana pulp rather than indicating a true increase in activity. A comparison was made among the activities of glucose-6-P dehydrogenase, aldolase, and PFK at the four stages of ripening (Fig. 3 ). Glucose-6-P dehydrogenase activity increased 50% between the preclimacteric and climacteric peak stage, whereas aldolase activity increased only 9% during the same interval. On the other hand, PFK activity increased 155%, which suggests an actual increase of the activity of the enzyme. An increase in the extractability should have resulted in similar increases among the three enzymes. 3 . Percentage of increase in the activity of PFK, aldolase, and glucose-6-P dehydrogenase between the four stages of the climacteric (see Fig. 1 for climacteric curve). The initial levels of activities in milliunits per gram dry weight were: PFK: 155; aldolase: 809; and glucose-6-P dehydrogenase (G-6-PD): 1205.
activity against the substrate concentration. A comparison of substrate concentration curves for the enzymes of preclimacteric and climacteric peak stages is shown in Figure 4A . These curves show a slow rate of substrate saturation for the enzyme from both sources, but the climacteric peak enzyme yields a curve much closer to a rectangular hyperbola typical of unregulated enzymes.
The results of Figure 4A are redrawn in Figure 4B as Lineweaver-Burk plots. Both preclimacteric and climacteric peak PFK gave curves showing downward concavity. This shape of double reciprocal plot has been shown by Conway and Koshland (8) to represent a regulatory mechanism described as negative cooperativity. It is not possible to determine the Vma.
or the substrate concentration giving half maximal velocity, [S]0,., from these curves.
The Lineweaver-Burk plot is often an unsatisfactory way of analyzing substrate saturation because the greatest weight is placed on values subject to the greatest error, i.e., values obtained with low substrate concentration. A better kinetic analysis is afforded by the Eadie plot (12) v = Vmax-Kmv/S. Thus, for an unregulated enzyme, plotting v as a function of v/S yields a straight line with the y-axis intercept as Vmax and with slope -Km. In this plot, the data points are more evenly distributed. The results of plotting our substrate saturation data according to the Eadie equation are shown in Figure 4C . Both the preclimacteric and climacteric peak PFK yielded curves which departed from linearity and were concave upwards, which is consistent with a negative cooperative effect. Extrapolation of the data points obtained with high fructose-6-P concentrations, the points most reliable as well as most relevant to Vm.x, gave the same Vm,x value of 88.5 milliunits/mg of protein for the enzyme from both stages. The
[S]0.5 value of the preclimacteric enzyme was 5.58 mm, whereas that of the climacteric peak PFK was only 1 Besides being a substrate, ATP has been shown to be a negative effector of both animal and plant PFK (10, 20) . The inhibition by ATP is complicated by its dependency on the concentration of the Mg2+, as shown in the case of phosphofructokinase from Sauromatuin guttatum by Johnson and Meeuse (17) . Figure 5A saturate the preclimacteric system resulting in a 3-fold increase in activity. No further increase was observed at 4 mM Mg'. At 2 mm Mg2", the maximum activity appeared at 0.5 mM ATP, which decreased at 1 mm ATP with very little change after that. The climacteric peak enzyme was more strongly inhibited at 2 mm Mg2+ concentration than the preclimacteric enzyme, and at 4 mm Mg2+, ATP at the 5 mm level showed only slight inhibition. The response of the enzymes to other adenine nucleotides is shown in Figure SB . The preclimacteric PFK was rather strongly inhibited by ADP: 30% at 1 mm to 50% at 5 mM ADP. It was also inhibited by 30% at 5 mm AMP. No effect was seen with cyclic 3', S'-AMP. In comparison, the climacteric peak PFK was inhibited 41% by 1 mm ADP, increasing to 70% at 5 mm ADP. No response to AMP or cyclic 3',5'-AMP was seen. The differential response to AMP is further evidence that some change in the control properties has taken place. We attempted to determine whether ethylene or its precursors could be effective in activating PFK. No evidence for a direct effect was seen with ethylene, methionine, or glutamate on either enzyme. The same results were obtained when these compounds were applied to PFK already inhibited by ADP (data not shown).
Ammonium ion has been shown to activate PFK (26), whereas Pi has been shown to be an activator in some cases (10) and to have no effect in others (22) . The results of their effect on banana PFK is shown in Figure 5C . A strong inhibition by ADP was evident in both cases, but no activation was found with either NH,+ or Pi.
The effect of these activators on the inhibition by ADP was studied. The results are shown in Figure SD . Although 5 mM ADP alone caused a 54% inhibition of preclimacteric PFK activity, the addition of either 5 mm Pi or 5 mm NH,' relieved the inhibition almost completely. Therefore, NH,+ and Pi were capable of reversing the ADP inhibition, although they failed to show any activation of an uninhibited enzyme under our conditions. On the other hand, the climacteric peak enzyme showed 47% inhibition at 5 mm ADP in the absence or presence of either Pi or NH,+. The difference in the response of the enzyme from the two stages of ripening is taken as evidence for a change in control properties.
Polyacrylamide Gel Electrophoresis. Many regulatory enzymes exist in oligomeric forms, and activation is frequently associated with a change in the subunit structure (11) . An effort was made to separate the preclimacteric and climacteric peak PFK on the basis of their migration velocities in the polyacrylamide gel.
The assay of activity directly on the gel by formazan formation, using the appropriate coupling enzymes and cofactors, often gave false bands. Therefore, the analysis of the activities was conducted by incubating transverse sections of the gel in reaction medium with and without fructose-6-P. Aliquots of the medium were then assayed for production of fructose-i, 6- diP; results are shown in Figure 6 . The highest activity of PFK from both preclimacteric and climacteric peak tissue was in slice number S which was 2.5 cm from the origin. This suggests that just one form of the enzyme exists in each tissue and that the mol wt of PFK is similar in both tissues. The highest values represent excess of the upper limit of detection under the assay conditions, rather than the absolute amount of activity. The objective was to compare the migration velocities of the two enzymes, not their absolute activities. The activity at the origin, slice number 1, probably represents an aggregate of the enzyme and the adsorption of this aggregate to the origin. Thus, the migration velocities gave no indication for association and dissociation of the subunits, and suggested that only one type of the enzyme was present.
DISCUSSION
The activity of PFK from climacteric peak banana fruit is always higher than that isolated from preclimacteric fruit, irrespective of whether the comparison is made on the basis of equal amounts of tissue extracted, of protein in the extract, or of protein in the partially purified enzyme. We do not believe this is attributable to a difference in extractability for two reasons: (a) there is no significant difference in the total protein extractable from the two tissues; and (b) the activity of other enzymes, which are not normally considered to be regulatory enzymes, show no great change in activity between preclimacteric and climacteric peak extracts (Fig. 3) . Further, the 20-fold increase in the level of fructose-1,6-diP (Fig. 1) is consistent with an increase in the activity of PFK.
The increase in PFK activity in relation to ripening could also be attributable to (a) increased enzyme synthesis relative to enzyme breakdown, or (b) a true activation of the enzyme. If only increased synthesis were responsible for the increased activity, we would expect that the kinetic properties of the enzyme would be unchanged or that a new isoenzyme would be formed. We find no evidence for a new isoenzyme by acrylamide gel electrophoresis, but we do find a striking change in the kinetic properties of the enzyme from climacteric peak fruit compared to that of preclimacteric stage. A clear cut difference was seen in the saturation of activity with respect 49 to fructose-6-P concentration between the preclimacteric and the climacteric peak PFK (Fig. 4A) The slow rate of saturation of activity (Fig. 4A) , the downward concavity of the Lineweaver-Burk plot (Fig. 4B) , the upward concavity of the Eadie plot (Fig. 4C) , and the Hill coefficients of less than one are all most consistent with the kinetic behavior described as negative cooperativity (18, 19) , where the binding of the one substrate molecule decreases the affinity of the enzyme for the next one. To our knowledge, this is the first report of negative cooperativity for PFK. In plant systems, negative cooperativity has been described for plasma membrane-associated ATPase (21) .
Although the pattern displayed in the Eadie plot (Fig. 4C ) may be interpreted as evidence for activation of an enzyme at higher substrate concentrations, it is more likely however, that the upward concavity is the consequence of negative cooperativity (8) . We propose that the sites which have low affinity for the substrate possess high catalytic activity. Consequently, when the substrate concentration becomes high enough to allow binding at these low affinity sites, the enzyme displays increased catalytic activity.
This feature may be important in relation to the respiratory climacteric. In the preclimacteric fruit, where the PFK has the [fructose-6-P],., value of 5.6 mm and the estimated concentration of fructose-6-P is 1.6 mM, the low affinity sites would not be involved. In the case of the climacteric peak PFK, however, the [S]0.5 has decreased to 1.7 mm while at the same time the concentration of fructose-6-P, which favors binding at these sites, has increased. Thus, negative cooperativity is a mechanism well suited for maintaining low activity in the preclimacteric fruit and, upon activation of PFK, will readily allow for the increased glycolytic flux during the respiratory climacteric.
Evidence for the activation of PFK was also seen in the response of the enzyme to various effector molecules, which indicated that a change in the regulatory properties had taken place. This was seen in the effect of AMP (Fig. SB) which inhibited the preclimacteric enzyme but not the climacteric peak PFK. ADP inhibition was overcome by NH,'
and Pi in the case of the preclimacteric enzyme, whereas no effect was seen in that of the climacteric peak enzyme (Fig.  5D ). It is clear that the activation of PFK did not represent a total loss of regulatory properties, since the enzyme from both sources was still inhibited by ADP and ATP (Fig. 5, A and B) . The fact that ATP, ADP, as well as AMP, in the case of the preclimacteric PFK, all inhibit the activity suggests that adenylate control described by Atkinson (2) is not applicable. In fact, considering pronounced inhibition by ADP, a decrease in ADP would lead to an increase in the "energy charge," and result in activation (decreased inhibition) of the enzyme. We found that analysis of the whole tissue extract revealed very little change in the ratio of ADP to ATP during the respiratory climacteric (data not shown).
Chalmers and Rowan (6) of Pi only in the case where the preclimacteric PFK was inhibited by ADP. There was no effect of Pi on the shape of the fructose-6-P saturation curve (Fig. 3) . Other steps in the pathway eventually become limiting and lead to a decline in respiration. It remains to be seen whether this kinetic behavior of PFK is unique for the banana enzyme. or whether it extends to other ripening fruits. The actual mechanism of the activation also remains to be elucidated.
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